Abstract-We propose the use of airborne ultrasound for wireless power transfer to mm-sized nodes, with intended application in the next generation of the Internet of Things (IoT). We show through simulation that ultrasonic power transfer can deliver 50 µW to a mm-sized node 0.88 m away from a ∼ 50-kHz, 25-cm 2 transmitter array, with the peak pressure remaining below recommended limits in air, and with load power increasing with transmitter area. We report wireless power recovery measurements with a precharged capacitive micromachined ultrasonic transducer, demonstrating a load power of 5 µW at a simulated distance of 1.05 m. We present aperture efficiency, dynamic range, and bias-free operation as key metrics for the comparison of transducers meant for wireless power recovery. We also argue that long-range wireless charging at the watt level is extremely challenging with existing technology and regulations. Finally, we compare our acoustic powering system with cutting edge electromagnetically powered nodes and show that ultrasound has many advantages over RF as a vehicle for power delivery. Our work sets the foundation for further research into ultrasonic wireless power transfer for the IoT.
I. INTRODUCTION
T HE past several decades have seen a rapid increase in the number of wirelessly connected devices, to the point that the number of active mobile devices is now greater than the global population [1] . The next step in this proliferation of connectivity, termed the Internet of Things (IoT), has been projected to increase the number of wirelessly connected nodes into the trillions [2] .
We envision that to meet the goal of a trillion connected nodes, the IoT will at least partially consist of small mmscale devices for sensing, imaging, computation, and/or communication, as illustrated in Fig. 1 . To be viable for the IoT space, these mm-sized nodes will need to have long lifetimes and low power consumption. Wireless power transfer enables the delivery of small amounts of energy to the node as needed, making the lifetime of the node effectively infinite; this makes wireless power an attractive technology for the IoT. Indeed, it is difficult to imagine a trillion-sensor IoT without wireless power, since wires and batteries will not scale to such a high volume of nodes. Existing approaches to wireless power delivery include near-field magnetic coupling and farfield power transfer using electromagnetic radiation. While the former is effective for charging existing consumer devices such as phones and tablets at short range and at power levels of 1-10 W [3] (as well as for charging larger devices, such as electric vehicles, at kilowatt power levels [4] ), the latter permits a larger ratio of powering range to node size, which is important for small IoT nodes that are spatially dispersed and that require only ∼ 1-100 μW to function [5] - [13] . One relatively unexplored solution to the problem of powering mm-sized nodes is ultrasonic wireless power transfer through air [14] - [16] . In this paper, we demonstrate, through simulation and measurement, the feasibility of wirelessly powering mm-sized nodes using airborne ultrasound. We begin, in Sections II and III, by reviewing important properties of ultrasound in air, including issues of safety and the fundamentals of sound propagation. We then present the conceptual design of an ultrasonic wireless powering system 0885-3010 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
in Section IV, with simulation results showing the feasibility of such a system and the dependence of its performance on various design parameters. In Section V, we perform a case study with a precharged capacitive micromachined ultrasonic transducer (CMUT), showing receive-mode measurement results that support the findings of the conceptual system design from the previous section; we also introduce aperture efficiency and other metrics for the comparison of different types of transducers. In Section VI, we compare our acoustic powering system with RF electromagnetic powering, outlining the advantages of the former over the latter; we also discuss avenues for future improvement of the ultrasonic powering system presented here. In addition, we explain, given existing technology and regulations, why the proposed system is not viable for charging existing portable consumer devices, despite being effective for mm-sized nodes. The Appendixes consist of transmit-mode measurement results of an array of commercial transducers and the derivation of transmit-and receive-mode formulas for aperture efficiency.
II. SAFETY OF AIRBORNE ULTRASOUND
In this paper, we use the American Council of Governmental and Industrial Hygienists (ACGIH)-recommended pressure limit of 145 dB SPL (corresponding to an intensity of 306 μW/mm 2 ), which was cited by the OSHA Technical Manual prior to 2015, as a parameter in the design of the proposed wireless power system [17] . In Section VI-C, we present possible avenues of improvement to the proposed system to help it reach compliance with the latest revision of the OSHA Technical Manual, which recommends a maximum pressure of 115 dB SPL, and with many limits outside of the US, which fall between 110 and 115 dB SPL [18] . These methods of improvement can eventually help the proposed system also comply with recommendations for exposure to the public, which are set at 100 dB SPL [19] . This paper focuses on the technical aspects of ultrasonic wireless power transfer through air and does not endeavor to present a thorough review of safety and regulations in this space. For more detailed coverage of these aspects, we refer the reader to review articles written on this subject, as well as to the appropriate regulations [17] - [21] . In the following, we briefly explore some of the most commonly cited effects of airborne ultrasound on the human body in order to present to the reader a starting point from which to begin a more thorough investigation of this subject matter, if so desired. It should be noted that the science of airborne ultrasound safety is far from settled, and that regulations can be expected to change in the future as this subject becomes better understood.
A. Effects on Human Hearing
Hearing loss in workers regularly exposed to industrial equipment that generates ultrasonic noise has been shown to be attributable to high intensity audible sound that is also emitted by that equipment [22] - [24] . The conclusion thus reached is corroborated by studies of the spectra of ultrasonic cleaning devices and jet engines, which show significant acoustic power emitted at high audible frequencies [25] , [26] .
Other studies have found no significant impairment of hearing in workers regularly exposed to equipment that emits ultrasound [18] , [27] . All in all, there seems to be no convincing evidence in the literature that suggests that ultrasound has any effect on hearing loss; however, as others have rightly identified, this should be interpreted as a call for further research, rather than as a final statement of unconditional safety [20] .
B. Surface Heating, Effects Inside the Body, and Other Nonauditory Effects
Exposure of the human hand to sound of frequency 18.5-20 kHz and pressure 160-165 dB SPL is sufficient to induce heating [28] , [29] . However, this is 30-100 times greater than the ACGIH recommended intensity limit for ultrasound (145 dB SPL). Exposure of unshaven mice to sound of frequency 18-20 kHz and pressure 144 dB SPL induced heating at the rate of only 0.2°C/min [30] . The proposed system remains at or below 145 dB SPL everywhere and insonates any one area for small fractions of a second at a time, as described in Section V, so heating of the surface of the body should not be a concern.
Based on the acoustic impedance mismatch between air and water, the intensity of a plane wave initially at 145 dB SPL (306 μW/mm 2 ) in air falls to 0.169 μW/mm 2 in the body, which is well below the FDA spatial peak temporal average intensity limit of 720 mW/cm 2 (7200 μW/mm 2 ) for diagnostic ultrasound in the body [32] . Some studies indicate that the transmitted intensity is even lower than this estimate predicts [33] , [34] . The weight of the evidence indicates that low-intensity ultrasound inside the body is not harmful [35] - [39] . Overall, the airborne ultrasound emitted by the proposed wireless power system should be safe if it is transmitted into the body, though thorough safety testing of a working system would still be required.
Previously reported unpleasant subjective effects of ultrasound, sometimes termed "ultrasonic sickness," have been found to be completely attributable to loud high-frequency audible noise emitted by the devices generating the ultrasound [22] , [25] , [26] , [40] - [42] .
Ultrasonic components of sounds and music have been shown to affect brain activity [43] , [44] . Additionally, the human auditory system is capable of producing at least the first subharmonic ( f /2) of an incident tone, provided the incident tone is intense enough [40] , [45] , [46] . These effects merit further research; however, they are not expected to be problematic in the application space presented here, because the proposed transmitter delivers power to any single location in space for only small fractions of a second.
C. Human and Animal Hearing
In this paper, we target an operation frequency that lies in the 40-60 kHz range. This is well outside the hearing range of humans, but is audible to some common household pets, as shown in Fig. 2 . In Section VI, we briefly discuss how the proposed system can be designed to operate at a higher frequency; this can accommodate the presence of Fig. 2 . Audiograms of humans and some common household pets [31] . While humans cannot hear frequencies greater than about 20 kHz, some animals can hear sound at up to 90 kHz.
animals with the ability to hear higher frequencies of sound than humans.
III. PHYSICAL PROPERTIES OF AIRBORNE ULTRASOUND

A. Spreading Loss
The intensity of acoustic waves transmitted by a vibrating source in air falls off as the square of the distance from the source of transmission in the far field of the source. This is modeled by Friis' equation [47] 
where P Tx is the total transmitted power, G Tx is the gain of the transmitting source, R is the distance from the source to the observation point, and I prop is the intensity of the propagating acoustic wave at the observation point. However, absorptive and nonlinear effects add to the attenuation caused by spreading, as explained in the following.
B. Absorption
Acoustic waves propagating through air experience absorption due to viscosity and relaxation processes [48] . This absorption causes the intensity of the beam to fall off exponentially, over and above the attenuation due to spreading. The attenuation coefficient due to absorption (α abs ) is a function of frequency and depends on environmental parameters such as temperature and relative humidity (RH). Fig. 3 shows α abs plotted against frequency for varying environmental conditions. As evident from Fig. 3 , a good rule of thumb for the 40-60 kHz frequency range (relevant for our subsequent analyses) over a fairly wide set of environmental conditions is that absorption leads to an extra attenuation of about 0.5-2.5 dB/m.
C. Nonlinearity
The nonlinearity of the pressure-density relations of acoustic media and the inherent nonlinearity of the acoustic equations of motion themselves lead to the dependence of the speed of an acoustic wavelet on its absolute pressure: compressional wavelets travel faster than rarefactional wavelets [48] - [50] . This causes an acoustic wave to distort as it propagates; in fact, in the absence of spreading loss and small-signal absorption, an initially sinusoidal plane wave will transform into a sawtooth wave [50] . This entails the transfer of energy from the fundamental to its harmonics, where it is dissipated due to higher small-signal absorption at higher frequencies [48] . The presence of spreading loss and absorption reduces the intensity of a wave as it propagates; this makes nonlinear effects less significant for spherical waves than for plane waves, but still not negligible at the intensities of interest [49, p. 18] .
Exact analytical solutions to the acoustic equations of motion that take nonlinearity, absorption, and spreading into account for arbitrary transmitter shapes, sizes, and powers are in general unavailable. One way to arrive at approximate solutions is to carry out numerical simulations tailored to the geometry and medium properties of the problem of interest. We adopt this simulation-based approach, as explained in the following section.
IV. SIMULATION-BASED CONCEPTUAL DESIGN OF ULTRASONIC WIRELESS POWER
The system proposed in this paper consists of an ultrasonic transmitter array, a channel (air), and a node being powered. Here, the term node refers to a mm-sized heterogeneous structure consisting of an integrated circuit, an acoustic transducer, and off-chip passive components. We are interested in finding the maximum powering range for a node with given voltage and power requirements, while keeping the maximum acoustic intensity at any point in space below the limit set by ACGIH recommendations. Our approach, explained in detail over the next few paragraphs, is to simulate the transmission and propagation of sound using an acoustic field solver, model the transducer and power recovery circuitry using a circuit simulator, and combine the results to derive a powering range for a given load power.
A. Transmission and Propagation in Air
Because of the nonlinear nature of acoustic wave propagation in air, we use k-Wave, a MATLAB toolbox capable of accounting for nonlinear wave propagation, to model the transmitter and the acoustic waves it emits [51] .
For simplicity, the transmitter is modeled as a 2-D square planar array of harmonically varying point pressure sources, all driven at the same amplitude and phase, with no mutual coupling between the sources. We set the spacing between point sources in the array equal to λ/2 at the driving frequency, which provides a good balance between main lobe directivity and side lobe suppression [52] ; such an array could feasibly be constructed from transducers of lateral extent smaller than λ/2, which have previously been demonstrated in air [53] . For each operation frequency and array size, we iteratively find the transmitter array drive amplitude for which the maximum emitted intensity (which lies at the focal point of the transmitter) just meets the average intensity regulation limit of 306 μW/mm 2 ; the pressure profile thus found enables calculation of the powering range, once the node specifications are derived in the subsequent steps of the analysis.
The use of a point source to model the pressure emitted by a transducer of nonzero size is a good approximation in the far field of the transducer. For a circular transducer of diameter λ/2 (equal to the array pitch in our simulations), distances from the transducer greater than 3λ can be safely considered to be in the far field of the transducer; this corresponds to about 15-25 mm over 40-60 kHz, which covers the frequency ranges of the transducer considered in this paper [47] . The results of this section show that the emitted intensity is maximized at more than 100 mm away from the transmitter array, indicating that the use of point pressure sources to model transducers of nonzero size provides accurate estimates of the maximum emitted intensity, and thus, the ability of the transmitter array to comply with regulations. In Appendix A, we show measurement results of an acoustic array constructed with off-the-shelf transducers and compare those results with k-Wave predictions for further justification of using point sources to model real acoustic transducers.
In this section, the area of the transmitter is set to ∼ 5 × 5 cm 2 (rounded to the nearest area allowed by the point source pitch) as a compromise between small transmitter size and large powering range. At the end of this section, we find the effect of increasing the array size upon the load power, and in Section VI, we discuss the use of multiple arrays for higher acoustic intensity at the node being powered.
k-Wave is capable of modeling acoustic absorption using an arbitrary power-law dependence of the attenuation constant on frequency [51] . As discussed in Section III, the absorption of sound in air is due to both viscosity and relaxation-based processes, leading to a more complex dependence of the attenuation constant on frequency than a simple power law. Nevertheless, as shown in Fig. 4 , fitting the actual absorption curve to a power law model results in a maximum error of only 0.6 dB/m from 40 to 180 kHz.
For the results shown in this section, we assume a barometric pressure of 1 atm, a temperature of 20°C, and an RH of 40%, which is meant to model a comfortable indoor environment at sea level.
The numerical model implemented by k-Wave is based on the solution to a set of coupled partial differential equations that account for nonlinearity up to the second order in acoustic pressure [51] . To take nonlinearity into account in simulations, we set the B/A parameter of the medium to 0.4, its value in air [49, p. 35] . Nonlinear propagation transfers power to higher harmonics; though that power cannot be captured efficiently by the fairly narrowband transducers considered in this paper, it must be (and is) taken into account to determine compliance with the intensity regulations in air.
In the acoustic wave simulations performed for this paper, the grid spacing is set such that up to the third harmonic of the driving frequency is supported. By cutting off all higher harmonics, this choice trades off simulation time with accuracy; however, based on previous work on airborne acoustic nonlinearity in the literature, we do not expect significant power to be transferred from the fundamental to the fourth or higher harmonics at the power levels and distances involved in this paper [54] .
B. Receiving Transducer
The transducer plays the role of converting incident acoustic energy into electrical energy for use by the circuitry on the node being powered. The full range of acoustic transducers spans a wide variety of sizes, fabrication techniques, electrical characteristics, and media of operation. In this section, for the sake of example, we assume the use of a mm-sized circular CMUT operating in air at ∼ 50 kHz. In Section V, we put forth metrics that allow for a fair comparison of transducers with completely different physical principles of operation; these metrics can serve as starting points for the selection of a transducer for use in a wirelessly powered node.
The transducer whose characteristics are used in the analysis in this section is based on one of the single CMUT cells presented in [55] , whose pertinent properties are listed in Table I . To incorporate this transducer into our analysis, we derive an equivalent linear circuit model for the transducer based on approximating the CMUT as a piston radiator combined with a parallel-plate capacitor [56] , [57] . Table I also lists the equivalent linear circuit component values of the transducer used in this analysis, whose input impedance is plotted in Fig. 5 and whose circuit model is shown in Fig. 6 . Note that these devices require a bias voltage in order to operate with high sensitivity; a similar device that overcomes this requirement using trapped charge is used in Section V. 5 . Real and imaginary parts of the input impedance of the CMUT used for the simulations in this section. This transducer is based on the ones first reported in [55] . The dashed vertical line marks the series resonance frequency of the transducer.
C. Matching Network
We use a single-stage L-match topology to match the impedances of the transducer and the rectifier for maximum power transfer. We present results for conjugate matching using ideal passive components as well as for matching using only capacitors. The latter is important because, as will be shown, conjugate matching requires components that are impractical to obtain on-chip or off-chip in an mm-sized form factor. We implement both ideal and "practical" capacitive matching; the latter is defined by a capacitive quality factor of 100, which is realizable on-chip or at mm-scale off-chip [58] . 
D. Rectifier
A wide variety of rectifier topologies exist; we use a Dickson multiplier, which is the most popular topology in use for RF-to-dc conversion in energy harvesting circuits [59] . Because of the relatively large real part of the transducer impedance over the frequencies of operation, only a single multiplier stage is required to generate the voltage levels needed at the load.
The rectifier is simulated with Spectre, using a diode model whose parameters are listed in Table I . These parameters are based on the on-chip implementation of a Dickson multiplier presented in [60] , which uses a process that supports Schottky diodes. In the case of a standard CMOS process without Schottky support, the exact same analysis could be repeated with, for example, diode-connected MOSFETs instead of Schottky diodes.
A Dickson multiplier requires a coupling capacitor, C C , to store the charge necessary to level-shift the input signal, and a load capacitor, C L , to smooth the output voltage. The coupling capacitance leads to a switched-capacitor voltage loss in the Dickson multiplier; at each frequency, we choose C C to keep this loss term to 10% of the required dc output voltage. Moreover, we choose C L to reduce the output voltage ripple to 1% of the dc voltage. Note that these choices lead to capacitances of up to 330 nF, which are realizable using off-the-shelf mm-scale SMD components with fairly low parasitic resistances; the dissipation factor and insulation resistance of the rectifier capacitors used for the analysis in this section are listed in Table I [61] .
E. Load
The entire functionality of the node-any sensing, computation, and communication that it performs-is, for the purposes of the power recovery chain, abstracted into a load voltage and load power requirement. For this paper, we target a load voltage of 0.8 V and a load power of 50 μW, which is competitive for mm-sized nodes, as discussed in Section VI. For these load specifications, we find the optimal frequency of operation and the maximum powering range at that frequency.
The circuit model of the node is shown in Fig. 6 .
F. Results
Fig . 7 shows the minimum incident pressure required to power the node versus the frequency of the transmitted ultrasound, for the three cases of an ideal conjugate match, an ideal capacitive match, and a practical capacitive match. It is immediately clear that the minimum required peak pressure is independent of frequency in the case of ideal conjugate matching. The reason for this is twofold. First, when the transducer is electrically matched, its efficiency of power conversion between the acoustic and the electrical domains is independent of frequency (we call this the aperture efficiency of the transducer and motivate it further in Section V and Appendix B); this implies that S Rx is also constant over frequency. Second, the efficiency of the rectifier is independent of frequency when the amplitude of the signal presented at its input is independent of frequency, which is indeed the case because S Rx is constant over frequency and ideal conjugate matching cancels all frequency dependency in the impedances of both the transducer and the rectifier, allowing a constant amplitude to be presented to the rectifier.
Unfortunately, the inductance required for an ideal conjugate match over the frequency range shown here ranges from 20 to 480 mH (due to the low frequency of operation and the high impedances being matched), which is an impractical range to achieve either on-chip or in a mm-scale form factor off-chip. We therefore examine the effect of matching the rectifier to the transducer using only capacitors. Fig. 7 shows that using only capacitors to match introduces a frequency dependency into the required incident pressure, but that this pressure is minimized at the series resonance frequency ( f series ) of the transducer, where it is very close to what is achievable with ideal conjugate matching. This optimum can be explained as follows. We start with the result (determined via simulation) that ideal conjugate matching over this frequency range requires an upward transformation of the rectifier impedance, implemented by a series inductor and a parallel capacitor. Above f series , the transducer looks sufficiently inductive for a single series capacitor to make the reactances of the transducer and the rectifier resonate out. However, the matching capacitor cannot transform the rectifier resistance to a high enough level to match it to the transducer resistance, which is slowly rising over this frequency range, as shown in Fig. 5 . Therefore, the minimum required pressure also slowly rises over this range.
Below f series , the transducer looks capacitive, so the optimum capacitive matching network is actually a direct connection between the transducer and the rectifier (i.e., no matching network). Over this range, the transducer resistance is falling with decreasing frequency while the magnitude of its reactance is rising, leading to a smaller fraction of the available power being extracted from the transducer and a relatively steep increase in minimum required pressure.
Others have demonstrated that the transducer's inductive band (the region between the short-circuit and open-circuit resonance frequencies) provides access to large transducer resistances, allowing off-resonance operation to enable conjugate matching over a range of load powers using a capacitive matching network [62] . However, in this paper, the rectifier input resistance lies outside of the range of transducer resistances that are attainable in the inductive band; thus, operation at the series resonance frequency minimizes the required incident pressure for the load requirements presented here.
As shown in Fig. 8 , the combined effect of spreading loss, absorption, and nonlinear propagation is to create a slight downward trend in the peak incident pressure with frequency, for a fixed transmitter size (5 × 5 cm 2 ) and distance from the transmitter (0.88 m). However, this trend does not significantly affect the optimum obtained from matching considerations. Thus, the powering range is maximized at the series resonance frequency of the transducer, as shown in Fig. 8 . This may be contrasted with the corresponding result for RF-powered mm-sized nodes, for which the optimal powering frequency is determined by the interplay between the frequency dependencies of the antenna aperture efficiency and the matching network efficiency, and is not in general equal to the series resonance frequency of the antenna [6] .
For the node used in this section, the optimal frequency of operation is 48.25 kHz, and the powering range at that frequency is 0.88 m. For the given node size and power level, this is an extremely competitive powering range compared with what has been demonstrated in the literature using RF powering, as further described in Section VI. Fig. 9 shows the on-axis pulse-average intensity and peak pressure at the fundamental of the ultrasound emitted by the transmitter at an operation frequency of 48.25 kHz. As evident, Fig. 9 . Pulse-average acoustic intensity and peak pressure at fundamental of ultrasound emitted from the transmitter at 48.25 kHz. The intensity stays below the ACGIH limit at all points in space, while the emitted pressure falls below the minimum required for P load = 50 μW at 0.88 m from the transmitter. the intensity at all points in space stays at or below the ACGIH limit of 306 μW/mm 2 . The emitted pressure falls below the minimum required for a load power of 50 μW at distances greater than 0.88 m from the transmitter. Fig. 10(a) shows the load power versus transmitter area for an operation frequency of 48.25 kHz and powering range of 0.88 m; for each transmitter size, the total transmitted power is set such that the intensity at the focal point of the array is equal to 306 μW/mm 2 . The load power increases with transmitter area because the focal point of the array is brought closer to the node as the array is made larger. If the transmitter area were increased further (not shown here due to simulation resource constraints), the load power would continue to increase; ultimately, the mm-sized node would be brought into the focal point of the transmitter array, at which point the load power would be limited only by the ACGIH intensity regulation and the area of the transducer in the node. For the node considered in this section, this limiting value is 3.8 mW, which is several orders of magnitude greater than the state of the art for mm-sized nodes, as discussed in Section VI. Fig. 10 (a) also shows that an array smaller than about 5 cm 2 provides almost no power to the load at a distance of 0.88 m; this is because the transmitter is too small to provide enough acoustic intensity at the node to overcome the threshold voltage of the rectifier diodes. Fig. 10(b) and (c) shows the sensitivity of the load power to important transducer properties. It is evident that the load power is fairly dependent upon the mechanical damping of the membrane, falling from 50 to about 5 μW as the damping is increased from 0 to 6 mN s/m (for reference, the damping due to air is ∼ 0.76 mN s/m). On the other hand, the load power is quite insensitive to the parallel capacitance of the transducer, falling by only 4% as the capacitance is increased from 9.2 to 50 pF. This is due to the fact that, unlike the membrane mechanical damping, the parallel capacitance does not affect the conversion of energy between the acoustic and the electrical domains. These results indicate that, while the design of the node is sensitive to the fabrication of the transducer, it is robust to any parasitic capacitance introduced by packaging the transducer with the circuitry.
V. MEASUREMENT-BASED CASE STUDY
In this section, we report wireless power recovery measurements with a previously published ultrasonic transducer to support the conclusions made in the previous section regarding the effectiveness of acoustic wireless power transfer. First, however, we introduce the metric of aperture efficiency, which can be used for the comparison of acoustic transducers of any type and is a valuable tool for the selection of a transducer for use in a wireless power transfer system.
A. Aperture Efficiency: A Metric for Comparing Transducers
As demonstrated in Section IV, the transducer critically affects the powering range for a given load requirement. For example, the sensitivity of the transducer affects the minimum required pressure for a given load power, while its impedance profile determines the operation frequency. Given the wide variety of acoustic transducers, it is not immediately obvious which types are best suited for wirelessly powered nodes, especially because transducers are more conventionally designed for applications in imaging and sensing. Here, we propose the use of aperture efficiency [previously referred to as power conversion efficiency (PCE) [62] , [63] ] as a metric for the comparison of transducers meant for power recovery.
Intuitively, the primary ability of interest for a transducer meant for power recovery must be its ability to recover power. More precisely, a better transducer will output a greater available electrical power (i.e., the power delivered to a matched load) for the same incident acoustic intensity. The ratio of available electrical power to incident acoustic intensity is called the effective aperture of the transducer, and is used extensively to characterize electromagnetic aperturetype antennas [47] .
Because a larger transducer can capture a greater share of the incident intensity and thus output more power than a smaller transducer, we scale the effective aperture by the transducer area to arrive at the aperture efficiency, which is also used for electromagnetic antennas [47] . The formula for aperture efficiency is therefore
For a fixed transducer and a given incident intensity, the aperture efficiency determines the available electrical power, thus setting a ceiling on the achievable load power for that intensity. We therefore use aperture efficiency as the means of comparison as we look to the literature in order to decide on the type of transducer to be used for the node. We choose to consider bulk piezoelectric transducers, CMUTs, and piezoelectric micromachined ultrasonic transducers (PMUTs) because they are fairly popular in a number of existing applications (leading to a good collection of published data), and because their methods of transduction span the most effective ways yet found of converting acoustic energy to electrical energy. Table II shows a comparison of published and commercially available transducers. Details of how aperture efficiencies were calculated based on measurements reported in the literature are provided in Appendix B. Table II shows that the theoretical CMUT simulated for the analysis presented in Section IV has near unity aperture efficiency; this is a result of the zero membrane mechanical damping assumed for that transducer (the remainder of the loss is due to the damping of the medium). Any real transducer has nonzero mechanical damping in its membrane, which serves to lower its aperture efficiency. Table II shows, is competitive relative to other works in the literature. There have been other published transducers with comparable or higher η ap (see [66] and [68] ). However, the devices reported in [64] are especially attractive for use in a wirelessly powered node because they contain trapped charge on an isolated island located at the center of the bottom plate; this charge eliminates the need for a bias voltage, making the device self-sufficient and therefore amenable to an mm-sized implementation. Thus, in addition to aperture efficiency, bias-free operation is a second important characteristic of transducers meant for wireless power recovery.
B. Measurements and Results
Using one of the transducers presented in [64] , we perform two receive-side measurements. For the first measurement, we use a broadband commercial transducer (Prowave 500ES430) to emit ultrasound at the frequencies of interest and characterize the pressure field of that transducer using a calibrated microphone (G.R.A.S. 40DP). We then position the CMUT at the same location as the microphone (so that the pressure incident on the CMUT is known) and record the open-circuit voltage at the terminals of the transducer. This measurement allows for the calculation of receive-mode sensitivity (in V/Pa) and, along with an impedance characterization (Agilent 4294A; Agilent 42941A), permits the derivation of an electrical receive-mode circuit model of the transducer. The transducer voltage sensitivity and impedance thus found are listed in Table III , and the real and imaginary parts of the impedance of the transducer are plotted in Fig. 11 . Real and imaginary parts of the measured small-signal input impedance of the transducer used in this section, which was first reported in [64] . For maximum powering range, we operate at the series resonance frequency of the transducer, marked with a dashed vertical line. CMUTs exposed to large ac pressures or driven by large ac voltages exhibit nonlinear large-signal effects [71] . Therefore, the measurement described above was repeated over a range of pressure levels and the impedance at resonance was measured at the corresponding voltage amplitudes in order to derive the aperture efficiency of the CMUT as a function of open-circuit voltage [see (B.1)]. As shown in Fig. 12 , the aperture efficiency of the device decreases at higher voltages, which corresponds to higher pressures and dynamic membrane displacements. This highlights the importance of the dynamic range of the device (defined qualitatively as the voltage range over which the aperture efficiency is equal to its small-signal value), which joins small-signal aperture efficiency and biasfree operation as the third key metric for the evaluation of transducers for use in wireless powering.
For the second measurement, we connect the CMUT to a resistively loaded single-stage Dickson multiplier constructed with discrete Schottky diodes (ST 1N6263) in order to demonstrate power recovery; as for the first measurement, we set up and measure the pressure field using a broadband transducer and calibrated microphone, respectively. Our measurement setup with the broadband transducer and the node is shown in Fig. 13 . Fig. 13 . Photograph of receiver node. Main, foreground: rectifier made of discrete components, with CMUT on the backside of the rectifier board (not visible). Main, background: broadband transducer used to set up pressure field. Inset: CMUT used as transducer for node, shown together with packaging. This device was first reported in [64] . Based on the desired load voltage of 0.8 V and the chosen rectifier topology, Spectre simulations indicate that the peak open-circuit voltage across the CMUT will be ∼ 0.63 V; the measurements plotted in Fig. 12 suggest that at this voltage, η ap drops to ∼ 0.13. We therefore choose to demonstrate a load power of 5 μW, which is 10% of the load power demonstrated in Section IV with a near-unity-η ap transducer, to achieve roughly the same powering range.
As in Section IV, Spectre simulations show that the optimal operating frequency is at the series resonance ( ∼ 56.5 kHz) of the transducer. At that frequency, Spectre simulations predict a required incident peak pressure of 73 Pa for a load power of 5 μW and voltage of 0.8 V. Based on k-Wave simulations, a pressure of 73 Pa at the frequency of operation is predicted to correspond to a distance of 0.98 m from a 5×5 cm 2 transmitter array.
The measured node load voltage for a peak incident pressure of 66 Pa (corresponding to a predicted powering range of 1.05 m) at 56.5 kHz is shown in Fig. 14 . The minimum required incident pressure to reach V DC = 0.8 V and P load = 5 μW as determined by measurement (66 Pa) differs by ∼ 10% from 73 Pa, the value predicted by simulation.
The discrepancy between these pressure levels may partially be explained by finite alignment tolerances during measurement, as well as by the fact that the predicted required incident pressure is based on a value of the large-signal η ap that was measured under open-circuit conditions with sinusoidal displacement and voltage, whereas the presence of the nonlinear rectifier makes the displacement and voltage of the CMUT nonsinusoidal, even under single-tone ultrasonic excitation.
The measurements described in this section support the analysis presented in Section IV and demonstrate that ultrasonic power recovery is possible with existing transducer technology, despite the CMUT used here having smaller η ap and dynamic range than the one used in Section IV.
VI. DISCUSSION
A. Relation to Previous Work on Ultrasonic Powering in Air
The field of acoustic power transfer through air has not yet been extensively developed, and the few works that have been published on this topic have generally ignored critical components of the power transfer system. For example, [14] derives an optimal frequency of power transfer for a fixed transmitter size as a tradeoff between absorption and spreading loss, but does not account for nonlinear effects, which are significant at the amplitudes needed to transfer relevant amounts of power over distances greater than a few centimeters. Reference [15] demonstrates power transfer between two commercial piezoelectric transducers, but does not suggest a systematic method for choosing transducers for this application. Perhaps most importantly, neither work considers the limits on airborne ultrasound set by regulations.
In this paper, we have taken all propagative effects (spreading, absorption, and nonlinearity) into account for the determination of the ability of an ultrasonic power transfer system to comply with intensity regulations; tied the resultant intensity to the harvested node power at a given distance from the transmitter; and compared the harvested power with what is possible using RF powering. We have also proposed criteria for the comparison of transducers with widely varying physical principles of operation. As such, this paper serves as a starting point for a more systematic exploration of airborne ultrasonic wireless power transfer than what has previously been available in the literature; we provide specific recommendations for next steps in Section VI-C.
B. Comparison With Electromagnetic Wireless Power
Our focus on powering mm-sized nodes brings this paper in direct competition with the field of electromagnetic wireless power transfer, which is seeing a flurry of recent activity as the interest in IoT-enabled devices is increasing. Here, we argue that acoustic waves have some important advantages over electromagnetic waves (RF) as carriers for wireless power in a few important ways.
The advantages of ultrasound over RF stem mainly from physical differences between acoustic and electromagnetic waves. Specifically, the speed of sound in air is about six orders of magnitude smaller than the speed of light, which enables an ultrasonic powering system to work at much lower frequencies for the same operational wavelength in air, vastly simplifying the accompanying electronics. This is more than just a matter of convenience: scaling up the size of an RF transmitter array while maintaining antenna density is hampered by challenges in frequency generation, amplification, and accurate signal distribution [74] . These problems are considerably reduced or eliminated when operating at or below 100 kHz, as is the case in an acoustic power transfer system. The lower operation frequency also considerably simplifies the packaging of the node, especially considering the insensitivity to parasitic capacitance demonstrated in Fig. 10(c) . Additionally, it leads to transducer and rectifier operation in a high-impedance environment; this allows for high voltages (and thus high power recovery efficiency) at very low powers, which is difficult with RF power harvesting systems.
A second advantage of ultrasound lies in the way that it is regulated. As shown in Table IV , RF transmitters are limited in both the maximum intensity they can generate and their effective isotropic radiated power (EIRP). The former is important for safety, and is suggested by the IEEE; the latter is relevant to signal interference issues, and is set forth by the FCC. With the existence of an EIRP limit, the ceiling on the intensity of RF radiation at a given distance from a transmitter is completely fixed, and cannot be exceeded even if the intensity at every point in space lies below that required to meet safety regulations. But because airborne ultrasound is not commonly used for communication, it currently has no associated EIRP limit; the transmitter array can thus be scaled up in size to increase the load power at any given distance, as long as the acoustic intensity stays below the safety limit everywhere. This is shown in Fig. 10 , which hints at achieving much higher load powers (or greater powering distances for the same load power) than we show here, by simply making the transmitter larger.
While this paper focuses on a single transmitter powering a single node, using multiple synchronized transmitter arrays spaced apart by several meters holds the potential to increase load power and range dramatically. With sufficiently many transmitters, the pressure field could be designed to reach a maximum at the node being powered, enabling the intensity at the node to reach the regulation limit. In addition, synchronization between ultrasonic arrays could easily be established using RF signals, due to light traveling nearly instantaneously compared with sound; in contrast, synchronizing RF arrays would be considerably more difficult due to the high frequencies of operation.
Ultrasonic powering is not without its drawbacks. First, successful operation of such a system requires a line-ofsight path between the transmitter and the receiver (either direct or indirect, though only the former case is considered in this paper), since the small wavelengths involved make diffraction around obstacles unlikely. It is worth noting, however, that as the frequencies used for RF-based powering are increased in order to more effectively deliver power to mm-sized nodes [5] , [6] , [9] , the corresponding wavelengths start to fall into the same range as those considered in this paper, and would therefore be subject to the same limitations with respect to diffraction.
Second, acoustic waves are absorbed at a much higher rate than electromagnetic waves in air (a few dB/m rather than a few dB/km) and experience nonnegligible nonlinearity at intensities lower than the regulation limit, a phenomenon entirely absent for electromagnetic waves at the same intensities [75] . Depending on the application, these effects can be significant; however, they are tolerable for wirelessly powering mm-sized nodes mainly because the time it takes to charge these nodes is so small that the total energy expended by the transmitter is negligible.
For example, consider the case of Section V, in which a load power of 5 μW was demonstrated at a simulated distance of 1.05 m from an array of area 25 cm 2 . Based on matching k-Wave simulations of a single point pressure source with the predicted pressure profile based on the Rayleigh diffraction formula (B.2), the total transmitter power can be estimated to be ∼ 1.8 W, assuming η ap = 0.1 for the transducers in the transmitter array. In Section V (Fig. 14) , we show that charging a mm-sized node takes roughly 15 ms; the total energy expenditure of the transmitter would therefore be 27 mJ. Thus, although the end-to-end power efficiency is low, the energy required to charge the node is only about what is drawn by a 5-W phone charger over 5 ms.
On the other hand, ultrasonically charging existing consumer devices is a different problem, from the standpoint of both required load power and total transmitter energy. For example, suppose a device that requires a charging rate of ∼ 0.5-2 W to be charged within a few hours has area 3 ×5 , and that it is entirely tiled with an array of transducers identical to the one used in Section V, which was able to recover 5 μW at a distance of 1.05 m. This device would be able to recover a total of only ∼ 3.7 mW at the same distance, which is orders of magnitude smaller than what is needed to charge consumer devices within a reasonable time (this assumes continuouswave operation; if powering is duty-cycled, then charging time increases further still). Because of the larger receiver area, the end-to-end efficiency increases compared with the previous (mm-sized) example, but is still too low to efficiently charge a consumer device: for example, charging a 7 W h battery would require a total of 3.4 kW h at the transmitter, which is enough to charge an average car battery. Even an order of magnitude improvement in the end-to-end efficiency (achieved by, say, using transducers with higher η ap ) would still not be enough to result in acceptable figures for load power or transmitted energy. Thus, though the proposed system is effective for wirelessly powering mm-sized nodes, with the current state of technology and regulations, it would be extremely challenging to charge existing consumer devices at long range within a reasonable time frame.
In Table V , the simulations and measurements presented in this paper are compared with the state of the art in RF-powered mm-sized (<100 mm 2 ) nodes; the two works on acoustic wireless power discussed above are also included. To facilitate comparison between works, we define the following figure of merit (FOM):
where P load,scaled is the load power, scaled for RF-powered nodes so that the transmitter EIRP is at the regulation limit of 40 dBm (since no EIRP limit exists for ultrasonic signals, the load powers for those works are left unchanged). Table V shows that this paper leads to substantial improvement of the FOM upon what has been previously demonstrated with acoustic wireless power transfer and RF far-field power transfer to mm-sized nodes.
C. Improving Ultrasonic Wireless Power Transfer
There are many possible avenues for the improvement of the ultrasonic wireless power transfer system presented in this paper. In the following, we list some of the most promising directions, in our opinion, for future research in this area. Many of these avenues-in particular, the ones related to higher efficiency and larger, more numerous, or duty-cycled transmitters-can help move the proposed system toward compliance with the latest OSHA and international regulations, and eventually with recommendations for public exposure as well.
1) Transmitter: a) Size: Scaling up the transmitter array increases the load power at a given distance from the transmitter (up to the point that the area of the receiving transducer exceeds the spot size of the beam), as explained above and as shown in Fig. 10(a) . b) Spacing: Constructing an array out of transducers that are small enough to enable ∼ λ/2 center-to-center spacing is important for minimizing grating lobe radiation. c) Steering: A transmitter in a practical powering system must be able to direct its radiation to the node of interest, making the independent control of the amplitude and relative phase of every transducer a must in any final realization. d) Multiple Transmitters: As described above, this can raise the intensity at the node to up to the regulation limit. Future work in this area can explore the relationship between transmitter spacing, powering range, and the acoustic intensity at the node, and can look into the additional overhead required to synchronize the transmitters. e) Duty Cycling: Because it takes only a fraction of a second to charge a mm-sized IoT node, the transmitter can be duty cycled rather than being continuously on, leading to substantial energy savings. Duty cycling can also possibly help to move toward compliance with the latest OSHA recommendations (though safety concerns related to peak intensity will limit the extent to which this method is applicable). Duty cycling is currently used for, among other applications, extending the read range of RFIDs [76] and achieving a thermal and acoustic impulse response in photoacoustic imaging [77] ; both of these applications benefit from duty cycling due to a difference between limits on peak and average intensity. f) Modeling: Because of the existence of nonlinearity, simulations of high-power acoustic propagation in air are time-and resource-intensive. Using analytical or semianalytical methods to reduce the number or extent of simulations would greatly reduce design time. 2) Transducer: a) Aperture Efficiency: This is the most important metric for an acoustic transducer meant for use in a wirelessly powered node, as it sets a ceiling on the load power for a given incident intensity. One way to increase η ap is to reduce mechanical damping, as shown in Fig. 10 enables the use of the present system in the presence of animals with higher hearing ranges than humans, though it also limits the powering range for a fixed transmitter size due to higher acoustic absorption at higher frequencies. VII. CONCLUSION We have presented the use of airborne ultrasound as a means of wirelessly transferring power to mm-sized nodes, with intended application in next-generation IoT systems. We have shown simulation results demonstrating that such a system can safely deliver 50 μW at 0.88 m using a transmitter array only 25 cm 2 in area, with load power increasing with transmitter area. We have put forth the metric of aperture efficiency as the primary means of comparison of acoustic transducers in a wireless power transfer application; dynamic range and biasfree operation are also important qualities for such transducers. We have performed receive-side measurements with a precharged CMUT to demonstrate a load power of 5 μW at a simulated distance of 1.05 m. Using a transducer with higher aperture efficiency and dynamic range would enable greater achievable load power, closer to the simulated 50 μW, at roughly the same distance.
We have also shown that, due to fundamental physical principles and regulations, acoustic waves have significant advantages over electromagnetic waves for the wireless transfer of power to mm-sized nodes, from the standpoint of ease and cost of system design as well as achievable load powers and powering ranges. Our work sets the stage for further research into ultrasonic wireless power transfer systems and acoustically powered mm-sized IoT nodes.
APPENDIX A MEASUREMENT OF TRANSDUCER ARRAY
In Sections IV and V, we use point pressure sources as approximations of real acoustic transducers in the transmitter array, with the reasoning that the resultant far-field radiation is equivalent in a given direction and with a suitable amplitude rescaling. This point source method has previously been shown to accurately model real transducers of nonzero extent [78] , [79] .
In this section, we present results of the measurement of a square 100-element array (shown in Fig. 15 ) used to further justify the method of using point pressure sources in k-Wave to approximate real acoustic transducers. We used Murata transducers (MA40S4S; operated at 40.675 kHz, diameter = 9.9 mm) to create the array, which has an element pitch of 1.1 cm ( ∼ 1.3λ). We simulated the array in k-Wave by modeling each transducer as a point pressure source positioned at the center of the transducer.
Comparison between simulation and measurement of the array is shown in Fig. 16 . Between 85 and 200 mm from the array, the simulated intensity matches the measured intensity quite well. Distances closer than 85 mm lie near the boundary between the near and far fields of each individual transducer, causing the approximation of the transducers as point sources to be inaccurate and leading to the discrepancies between simulation and measurement shown in the leftmost shaded region in Fig. 16 .
The rightmost shaded region in Fig. 16 , covering distances greater than 200 mm from the array, also shows a discrepancy between simulation and measurement. Based on our observations during experimentation, this discrepancy is due to interference by radiation from grating lobes that is reflected from nearby surfaces. The presence of grating lobes (caused by the relatively large inter-element spacing of ∼ 1.3λ) and the high-Q nature of the transducer make it difficult to mitigate the effects of interference at large distances from the array, since many cycles are required for the transducers to fully ring up to steady state. This measurement difficulty would be lessened using an array with λ/2 interelement spacing (so that there are no grating lobes), such as the ones simulated in Sections IV-VI, or using transducers with higher bandwidth.
For distances that lie in the far field of each individual transducer but that do not experience interference from reflected grating lobe radiation, the close similarity between simulation and measurement shown in Fig. 16 supports the use of point sources as appropriate models for transducers of nonzero extent.
APPENDIX B DERIVATION OF APERTURE EFFICIENCY
Published studies in the literature on ultrasonic transducers often do not directly report the available power for a given incident intensity; however, it can easily be calculated from the real part R trans of the electrical input impedance of the transducer and the open-circuit receive sensitivity S Rx (in V/Pa) of the transducer (note that this is related to, but not the same as, the sensitivity used in Sections IV and V in the circuit model of the CMUT, which is not an open-circuit parameter) Equation (B.1) shows that the effective aperture can be calculated from the receive-mode sensitivity and the transducer input resistance. We used this equation to calculate aperture efficiency from [69] and [65] .
Unfortunately, S Rx is not always reported; often, the transmit sensitivity at the center of the membrane (in terms of displacement per unit applied voltage) and the displacement profile of the membrane are reported instead. If this is the case, then we can take advantage of acoustic reciprocity [48] to apply reciprocity theorems that have been derived for electromagnetic antennas, and thereby use transmit-mode characterizations of the device to derive the aperture efficiency. The assumption of linearity that is implicit in transmit/receive equivalence is discussed later in this section.
We begin by finding the radiated far-field on-axis pressure as a function of the particle velocity on the surface of the transducer using the Rayleigh diffraction formula [80, p. Here, the integration of the particle velocity is performed over the vibrating surface of the transducer, ρ 0 is the density of air, and an infinite baffle is assumed, as an approximation.
The maximum far-field intensity, I max , of the acoustic transducer, which we assume lies on the axis of the transducer, is equal to A well-known result in electromagnetic reciprocity, which we use here due to acoustic reciprocity, is that the transmitmode effective aperture, A eff,Tx , which is defined as
is equal to the receive-mode effective aperture [47] . Therefore, the aperture efficiency can also be calculated from the transmit-mode effective aperture
If the input impedance of the transducer is not fully real at the frequency of operation, then (B.7) must be modified to take into account the smaller electrical power that enters the transducer for a given applied voltage Equations (B.7) and (B.8) show that the effective aperture can be derived from the transducer input resistance and the transmit-mode particle velocity sensitivity over the vibrating transducer surface. We used these equations to calculate aperture efficiencies of the transducers reported in [53] , [64] , [67] , [68] , and [70] . We used a combination of (B.1), (B.7), and (B.8) to calculate the aperture efficiency of the transducer reported in [66] .
An important assumption underlying the equivalence of receive-mode and transmit-mode aperture efficiencies is the requirement of linearity. However, when transducers are driven strongly, they can respond nonlinearly, as shown in Fig. 12 . Unfortunately, this can be the case in reported transmit-mode measurements, especially if the goal is to achieve as high an output pressure as possible. In this scenario, we note that the estimate of aperture efficiency that is thereby obtained is necessarily approximate, but is the only estimate that can be gleaned from the data presented in that particular publication.
We used the CMUT presented in Section V to obtain experimental confirmation of the equivalence of small-signal receive-mode and transmit-mode aperture efficiencies (η ap,Rx and η ap,Tx , respectively). To calculate η ap,Rx , we used the receive-mode open-circuit voltage and impedance measurements described in Section V; the results are plotted in Fig. 12 . For peak open-circuit voltages smaller than 0.1 V, η ap,Rx ≈ 0.285, on average. To calculate η ap,Tx , we electrically excited the CMUT using a pulsed-CW waveform and measured the velocity of its membrane using a laser Doppler vibrometer (Polytec OFV 511; OFV 2700); upon combining this transmit-mode sensitivity data with impedance measurements and (B.8), we found that, on average, η ap,Tx ≈ 0.279 for peak excitation voltages smaller than 0.1 V. The close similarity (2% difference) between aperture efficiencies measured in receive-and transmit-mode experiments lends credence to our assertion of the equivalence of η ap,Rx and η ap,Tx (which is ultimately based on acoustic reciprocity)
